Introduction {#sec1}
============

High-entropy alloys (HEAs), since their discovery by Yeh et al. in 2004,^[@ref1]^ have opened up researchers to a new alloy system that contains five or more equimolar principal elements. In equimolar HEAs, each element has an equal probability of occupying the lattice sites in a crystal structure such as face-centered cubic (FCC),^[@ref2]^ body-centered cubic (BCC),^[@ref3]^ or hexagonal structure^[@ref4]^ crystal structures. Lattice distortion, sluggish diffusion, high entropy, and cocktail effects have been identified as the core effects contributing to the superior properties, hardness, strength, ductility, erosion, tribocorrosion, corrosion, and oxidation/wear resistance^[@ref5]−[@ref7]^ of HEAs in a wide range of temperatures over conventional alloys. From the viewpoint of applications in extrusion dies and cutting inserts, the cost of metal powders used to develop bulk HEAs can hinder their commercialization as an alternative to the alloys in use. However, coatings of high-performance HEAs on low-cost substrates can be considered as an economically viable way forward to counter the drawbacks of the coatings employed in harsh environments, such as commercial coatings for cutting tools, extrusion dies, aerospace, and radiation resistance. Different coating techniques have been explored to deposit high-entropy coatings or films, such as laser cladding,^[@ref8],[@ref9]^ sputter deposition,^[@ref10]−[@ref12]^ spraying,^[@ref13]^ electrochemical deposition,^[@ref14]^ electro-spark deposition,^[@ref15]^ and electron beam evaporation deposition.^[@ref16]^ The high hardness of high-entropy films (HEFs) renders them suitable for wear-resistant applications in aerospace, milling inserts, and biomedical applications.^[@ref17]−[@ref20]^

The application of HEAs at high temperatures has motivated the development of refractory high-entropy alloys (RHEAs) since 2010.^[@ref3]^ The reported RHEA systems of MoTaWNbV, HfNbTiZr, TaNbHfZrTi, HfMoTaTiZr, HfMoNbTaTiZr, and CuMoTaWV so far have shown improved strength, toughness, and wear resistance over a wide range of temperatures.^[@ref21]−[@ref26]^ A few researchers have reported refractory high-entropy alloy (RHEA) films with good mechanical and electrical properties at RT.^[@ref11],[@ref27]−[@ref29]^ Zou et al. studied micro/nanopillar compression and reported an extraordinarily high yield strength of ∼10 GPa with improved ductility (∼30% compressional plastic strain) at RT for nanopillars with a diameter of 70--100 nm, and retained a yield strength of over 5 GPa up to 600 °C.^[@ref11]^ Feng et al. studied the effect of coating thickness and grain size on the hardness of a NbMoTaW RHEA film.^[@ref27]^ They reported that the highest hardness of 16 GPa was achieved at a grain size and coating thickness of 10 and 250 nm, respectively, and the hardness decreased with the increase of the grain size or thickness of the coatings. Fritz et al. studied the influence of deposition temperature during magnetron sputtering on the phase evolution of a HfNbTiVZr RHEA film.^[@ref29]^ It was shown that the substrate temperature, in contrast to the bulk HfNbTiVZr HEA, had a strong influence on the phase evolution and hardness of the film. The crystal structure changed from an amorphous phase with a hardness of 6.5 GPa upon RT deposition to a single-phase BCC solid solution structure with a hardness of 7.9 GPa at 275 °C substrate temperature, followed by the formation of a C14 or C15 Laves phase in the BCC matrix, and resulted in an increased hardness of 9.2 GPa at 450 °C. Kim et al. reported the effect of using a hot-pressed and conventionally sintered single target on the mechanical and electrical properties of a nanocrystalline NbMoTaW RHEA film that showed a hardness of 12 GPa.^[@ref30]^ However, reports on microstructural control to enhance the hardness, strength, and tribological performance of RHEA films are scarce.

Here, we report on the development of a new nanocrystalline CuMoTaWV RHEA film with high hardness, strength, and wear properties through magnetron sputtering using a single consolidated target comprising the principal elements. This work involves a novel way of making a target through partial sintering of elemental powders via the spark plasma sintering (SPS) process to lower the time and cost of processing the target material for the deposition of RHEA films. The RHEA composition has been chosen based on thermocalc simulation to obtain a mixture of a ductile FCC phase and a high-strength BCC solid solution, as reported in our previous work.^[@ref26]^ The addition of Cu to the refractory elements MoTaWV was done to investigate (I) the effect of lattice distortion in the films on combining Cu with refractory elements and its contribution toward the mechanical properties, and (II) the enhancement of the tribological properties of the refractory high-entropy film at RT and moderate temperatures by lowering the friction coefficient and wear rate with the formation of CuO.^[@ref31],[@ref32]^ Furthermore, the additions of Cu in smaller amounts and Mo to high-entropy alloys have been found to be beneficial for corrosion resistance through passivation.^[@ref33]^ The lattice parameters of the deposited films were verified using DFT calculations. The mechanical properties of the CuMoTaWV film were examined using nanoindentation measurements and microcompression of nanopillars. The adhesion of the deposited film on the commercial 304 stainless-steel substrate was studied and the tribological performance was verified.

Experimental Section {#sec2}
====================

Target Preparation {#sec2.1}
------------------

The target material of CuMoTaWV with an equimolar composition was designed using thermocalc simulation. A powder mixture was made using 99.9% pure elemental Cu (10 μm, Alfa Aesar), Mo (3--7 μm, Alfa Aesar), Ta (325 mesh, US Research Nanomaterials, TX), V (325 mesh, US Research Nanomaterials, TX), and W (70 nm, US Research Nanomaterials, TX). The powders were weighed in an argon atmosphere, placed in plastic vials with the powder mix in an equiatomic composition and Si~3~N~4~ milling balls in the ratio of 1:1, and ball milled for 1 h. The ball-milled powder mixture was fed into a 76 mm graphite die covered with graphite paper under an argon atmosphere, followed by transferring the die to the SPS apparatus (Dr. Sinter 2050, Sumitomo Coal Mining Co., Ltd., Japan) for consolidation. The sintering was carried out in a vacuum atmosphere at 1000 °C with a heating rate of 100 °C/min up to 800 °C, followed by a heating rate of 50 °C/min up to 1000 °C, and a soaking time of 5 min, followed by furnace cooling. A pressure of 40 MPa was used during sintering up to 900 °C, and it was then slowly decreased to 20 MPa up to 1000 °C.

Film Deposition {#sec2.2}
---------------

RHEA film deposition was carried out using DC-magnetron sputtering (Moorfield, London, UK) in an argon atmosphere. The film was deposited on a Si substrate for cross-section analysis, Rutherford backscattering spectrometry (RBS) analysis, XPS analysis, nanoindentation measurement, and nanopillar compression. The film was deposited on 304 stainless steel for X-ray diffraction (XRD) and tribological analyses. A metal sheet substrate of 304 stainless steel with a thickness of 5 mm was cut into 20 × 20 mm^2^ and diamond-polished up to 0.4 μm, followed by cleaning with ethanol in an ultrasonicator for 30 min and drying in an oven at 80 °C for 30 min. The target material was presputtered for 5 min before deposition to remove surface oxides and contaminants. The deposition was carried out for 120 min with the substrate set to a temperature of 500 °C and a rotational speed of 8 rpm. The deposition parameters are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The RHEA film deposited on 304 stainless steel was annealed at 300 °C with a heating rate of 2 °C/min in an argon atmosphere to improve the adhesion of the film.

###### Sputtering Parameters for Deposition of the CuMoTaWV High-Entropy Film

  substrate temperature (°C)       500
  -------------------------------- ----------------
  atmosphere                       Ar
  gas flow (sccm)                  20
  substrate rotation speed (rpm)   8
  deposition pressure (mPa)        1.16 × 10^--3^
  deposition power (W)             150
  deposition duration (min)        120
  deposition rate (nm/min)         7.5

Film Characterization {#sec2.3}
---------------------

X-ray diffraction (XRD) analysis was carried out using Cu Kα radiation in a PANalytical Empyrean (Empyrean, PANalytical, Malvern, UK) operating at 40 kV and 40 mA. Scans were performed between the 2θ range of 5 and 100° with a 10 mm divergence slit and 1° diffracted beam slits. The film composition was analyzed using Rutherford backscattering spectrometry (RBS) with a 1.8 or 2.0 MeV ^4^He^+^ beam in IBM geometry. X-ray photoelectron spectra (XPS) were recorded using a PerkinElmer PHI 5600 ci spectrometer with a standard Al Kα source (1486.6 eV) working at 250 W. The working pressure was set to 5 × 10^--8^ Pa. The spectrometer was calibrated by assuming the binding energy (BE) of the Au 4f~7/2~ line to be 84.0 eV with respect to the Fermi level. Extended spectra (survey) were collected in the range 0--1300 eV (187.85 eV pass energy, 0.5 eV step, 0.025 s per step). Detailed spectra were recorded for the following regions: V 2p, Mo 3d, Ta 4f, W 4f, Cu 2p, O 1s, and C 1s (23.5 eV pass energy, 0.1 eV step, 0.2 s per step). The atomic percentage, after a Shirley-type background subtraction, was evaluated using the PHI sensitivity factors. The sample was analyzed before and after 2 min of Ar^+^ sputtering at 3.5 keV with an argon partial pressure of 5 × 10^--8^ mbar and a rastered area of 2.5 × 2.5 mm^2^. The surface and cross-section morphologies of the film were studied using scanning electron microscopy (Magellan 400 XHR-SEM, FEI Company, Eindhoven, The Netherlands). The wear track morphology of the RHEA film was examined using scanning electron microscopy (SEM, JSM-IT300LV, JEOL GmbH, Germany) and energy-dispersive X-ray spectroscopy (EDS) with an accelerating voltage of 10 kV and a working distance of 10 mm. AFM measurements were performed under ambient conditions with an NTEGRA AFM (NT-MDT) in semicontact mode using a polysilicon lever, monocrystal silicon probe (HA_NC series) with a tip height of 10 μm, a nominal tip radius of less than 10 nm, and a measured resonance frequency of 240.3 Hz. Nanoindentation measurements were carried out at 3 mN load using a nanoindenter (Mirco Materials, UK). The nanoindentation tests were performed at loading, unloading, and dwell times of 25, 20, and 10 s, respectively.

Tribological studies of the film were carried out at room temperature (RT) and 300 °C using 1 N normal load at a sliding speed of 0.1 m/s using a universal tribometer (Rtec Instruments, San Jose) with a ball-on-disc setup in a sliding motion. Counterballs of E52100 alloy steel (Grade 25, 700--880 HV) with diameters of 6.3 and 9.5 mm were used for RT and 300 °C tribological tests, respectively. The counterballs were cleaned with ethanol in an ultrasonicator machine for 10 min, followed by drying in an oven at 80 °C for 30 min.

A focused ion beam (FIB) was used to create four nanopillars for compression tests. For each pillar, first, a ring was etched using high current (1 nA), with the outer diameter and inner diameter set to 30 and 8 μm, respectively. This was necessary due to the fact that the flat punch used for compression tests had a diameter equal to 20 μm. Lastly, fine etching of a pillar with a current lower than 320 pA was used to mill 440-nm-diameter pillars. It has been shown that gallium ions can significantly modify the mechanical properties of the materials due to the introduction of defects and amorphization of the crystal structure.^[@ref34]^ However, the ions have the most significant influence on the surfaces perpendicular to the beam. In our case (milling of the pillars), the beam is parallel to the pillar's wall and the pillar's top is not exposed to the ions. We further decrease the negative influence of the ion beam by applying two steps during the milling. First, we apply a high current but, at the end, we polish the pillar with a low current (320 pA). Due to this procedure, we assume that the modified layer is not thicker than 5 nm and does not affect our results significantly.^[@ref35]^ The pillars were then microcompressed using an Anton Paar ultra-nanoindentation tester in load control mode with the maximum force set to 3 mN. The loading and unloading rates were set to 1 and 3 mN/min, respectively. The data acquisition rate was set to 50 Hz. The value of the compression strength was determined as the engineering strain at which 0.2% plastic deformation occurs. Young's modulus was determined from the linear fit to the data for which the value of engineering stress was less than 60% of the compression strength. Engineering stress was determined by dividing the force measured by a nanoindentation tester over the pillars' cross-section area. Hence, the pillars' diameters before and after the compression test were measured by SEM. Furthermore, to determine engineering strain, the ratio of displacement obtained from nanoindentation to the initial height of a pillar measured by atomic force microscopy (AFM) was obtained.

Density functional theory (DFT), as implemented in the Vienna Ab initio Simulation Package^[@ref36]−[@ref39]^ (VASP), was used to determine the lattice parameters and mechanical properties of the CuMoTaWV HEA. Due to the disordered nature of HEAs, special quasirandom structures (SQSs) were used.^[@ref40]^ These were generated using the alloy theoretic automated toolkit^[@ref41]^ (ATAT) with a pair range of 5.5 Å and a supercell size 5 × 5 × 5 times the primitive BCC unit cell. The generated SQS contains 4 Cu, 30 Mo, 32 Ta, 31 W, and 28 V atoms, giving a composition close to that of the RHEA film given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. Calculations were performed with high accuracy using a Γ-centered 2 × 2 × 2 k-point mesh, a plane wave basis set energy cutoff equal to 600 eV, and no symmetry constraints. Methfessel--Paxton smearing of order 1 was used, with the smearing width set to 0.05 eV, and the convergence criterion for the SCF loop was set to 10^--5^ eV. The SQS was fully relaxed, both atomic positions and lattice parameters, using the conjugate-gradient algorithm until the forces acting on the structure were smaller than 0.01 eV/Å. Mechanical properties were determined from the elastic tensor, obtained using the Python Materials Genomics^[@ref42]^ (pymatgen) open-source Python library together with VASP. The XRD pattern for the fully relaxed SQS was simulated using Mercury Crystal Structure Visualization software^[@ref43]^ using a 2θ full width at half-maximum (FWHM) of 0.2°.

###### EDS Area Analysis of the CuMoTaWV Target and RHEA Film in Average Atom %

  EDS         Cu           Mo           Ta           W            V            O
  ----------- ------------ ------------ ------------ ------------ ------------ ------------
  target      10.3 ± 0.9   30.1 ± 1.0   13.5 ± 1.5   9.0 ± 2.0    25.4 ± 1.8   11.5 ± 2.7
  RHEA film   2.75 ± 0.7   23.8 ± 0.5   23 ± 0.8     23.5 ± 0.7   20.3 ± 1.2   6.5 ± 2.5

Results and Discussion {#sec3}
======================

A single target containing the principal elements, CuMoTaWV, was partially sintered at 1000 °C using SPS to lower the cost and time of target preparation, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The elemental maps from the cross section of the target in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b showed a uniform distribution of all of the elemental phases. This suggests that in the DC sputter film from the single target, the plasma will evaporate all of the principal elements to the substrate. The EDS area analyses from the cross section of the target in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02156/suppl_file/am0c02156_si_001.pdf) showed a uniform distribution of elements with slightly lower amounts of Cu and W.

![Preparation of a single target of CuMoTaWV: (a) SPS and (b) SEM morphology of the cross section of the target and elemental mapping.](am0c02156_0001){#fig1}

The XRD diffractogram of the CuMoTaWV RHEA film deposited on the 304 stainless-steel substrate is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, together with the simulated XRD diffractogram obtained from the DFT-optimized SQS. The as-deposited film showed the formation of a single-phase BCC solid solution with a strong (110) preferred orientation. The experimentally determined lattice parameter is 3.18 Å, which is in good agreement with the one for the DFT-optimized SQS (3.16 Å). The CuMoTaWV lattice parameter is smaller than the previously reported lattice parameters of BCC RHEA films, e.g., 3.24 Å for NbMoTaW and 3.25 Å for HfNbTiVZr.^[@ref29],[@ref30]^ The reduced lattice constant can be related to the presence of Cu atoms having a smaller atomic radius than those of the other refractory atoms, which will reduce the lattice parameter. The grain size of the CuMoTaWV RHEA film was calculated using the Scherrer equationwhere *d* is the grain size, *k* is the shape factor (0.9), λ is the wavelength (Cu Kα = 0.154 nm), θ is the Bragg angle, and β is the full width at half-maximum (FWHM). The grain size of the as-deposited CuMoTaWV RHEA film was calculated to be 18 nm. Similar low grain sizes have been reported for RHEA films developed using a high-entropy single target, e.g., Feng et al. and Kim et al. reported average grain sizes of 10 and 15.8 nm, respectively.^[@ref27],[@ref30]^ In contrast, Zou et al. reported an average grain size of 150 nm for a cosputtered RHEA film using elemental targets.^[@ref11]^ This large difference in the grain size can be due to cosputtering from multiple targets, where sluggish diffusion is weak due to the nonhomogeneous distribution of atoms. During the sputtering of the target, atoms arriving at the substrate diffuse on the substrate to form clusters, followed by the formation of islands to lower the interfacial energy.^[@ref44]^ However, due to the presence of a high amount of distortion, the island growth is hindered by sluggish diffusion, one of the prime characteristics of high-entropy alloys, and leads to the formation of nanocrystalline grains.^[@ref45]^ The XRD analysis of the CuMoTaWV RHEA film showed no change after annealing at 300 °C in an argon atmosphere, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![XRD diffractograms of as-deposited (blue, at the bottom) and 300 °C annealed (orange, in the middle) CuMoTaWV films deposited on 304 stainless-steel substrates together with the simulated XRD diffractogram (black, at the top) of the DFT-optimized SQS.](am0c02156_0005){#fig2}

The morphologies of as-deposited films on a Si substrate and a steel substrate are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02156/suppl_file/am0c02156_si_001.pdf), respectively. The SEM analysis of the RHEA film showed a needle-like morphology, and the cross section showed a dense and textured morphology with a uniform thickness of ∼900 nm, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b. The initial film deposition at the film--Si substrate interface showed the formation of a dense film of ∼10 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The initial dense deposition can be related to the formation of an amorphous film due to a lattice mismatch of ∼41% between the CuMoTaWV RHEA film (3.18 Å) and the Si crystal (5.43 Å), resulting in tremendous stress in the film. Liang et al. observed a similar interfacial microstructural evolution in TiVCrZrHf nitride films.^[@ref46]^ The EDS elemental mapping on the surface ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) showed a uniform distribution of elements, suggesting that there was no segregation of any element/phase. The EDS area analysis of the film surface showed an equiatomic composition, except for Cu, which was found in a low amount of ∼3 atom %, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02156/suppl_file/am0c02156_si_001.pdf). The low amount of Cu can be related to the high sputtering of refractory elements, which could have resulted in more scattering of Cu atoms in the sputtering plasma after initial deposition.^[@ref47]^ The AFM analysis showed the formation of nanocrystalline elongated grains with an average surface roughness (Sa) of 2.5 nm, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d.

![Characterization of a CuMoTaWV high-entropy film on a Si substrate with (a) HR-SEM plane-view surface morphology, (b) HR-SEM cross section, (c) EDS elemental mapping of the top surface, and (d) AFM analysis of the top surface.](am0c02156_0006){#fig3}

The RBS measurement was carried out to observe the uniformity of composition throughout the film cross section, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The film showed a nonhomogeneity in the in-depth composition. Specifically, the film was found to be rich in W, Ta, and Mo at the surface, while, at the substrate--film interface, the concentration of V was found to be slightly higher than those of W, Ta, Mo, and Cu, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. The overall areal density of the film was found to be 2590 × 10^15^ at/cm^2^.

![(a) RBS measurement and (b) elemental distribution of elements in the cross section of a CuMoTaWV high-entropy film.](am0c02156_0007){#fig4}

XPS analysis was used to determine the chemical bonds of the CuMoTaWV film from V 2p, Mo 3d, Ta 4f, W 4f, and Cu 2p peaks, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The carbon contamination was limited to the surface, as confirmed by the disappearance of the C photoelectron signal after a mild Ar+ sputtering. A significant decrease of C contamination is observed after 2 min of Ar^+^ sputtering (from 67 to 19%), while complete removal of C is obtained after a further 4 min of Ar^+^ sputtering. After sputtering, the survey profile changes significantly; the XPS peaks of metal species are more evident. The peaks' shape and positions are consistent with those reported in the literature for the corresponding metals; moreover, they do not change after 2 and 4 min of Ar^+^ sputtering. The XPS analysis showed a uniform distribution of elements with a low amount of Cu, as shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

![XPS V 2p, Mo 3d, Ta 4f, W 4f, and Cu 2p spectra of a CuMoTaWV film, deposited on Si, after 2 min of Ar^+^ sputtering (blue line) and after 4 min of Ar^+^ sputtering (magenta line).](am0c02156_0008){#fig5}

###### Elemental Distribution by XPS Analysis (Atom %)

                           Cu    Mo   Ta     W      V
  ------------------------ ----- ---- ------ ------ ------
  2 min Ar^+^ sputtering   0.7   25   29.6   27.7   17
  4 min Ar^+^ sputtering   0.8   24   29.6   27.7   17.9

Nanoindentation measurements were carried out at a 3 mN load for 12 measurement meshes. The load versus penetration depth plot is presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The penetration depth is kept below 10% of the RHEA film thickness. The film showed an average hardness of 19.5 ± 2.3 GPa and an average Young's modulus of 259.3 ± 19.2 GPa. The DFT-calculated mechanical properties showed a Young's modulus of 229 GPa, which is in good agreement with the experimental nanoindentation measurements. High hardness in a metallic film can be related to the enhanced grain boundary strengthening from nanocrystallinity.^[@ref48],[@ref49]^ The deposited RHEA film dominates in the (110) plane due to its relatively low diffusivity with increasing film thickness as compared to the (200) and (211) planes resulting in nanocrystalline grains.^[@ref50],[@ref51]^ Therefore, the dislocation movement is hindered within the columnar grains during plastic deformation.^[@ref27]^ Furthermore, the high entropic effect, sluggish diffusion, and lattice distortion in RHEA films contribute to the measured high hardness and Young's modulus.^[@ref52]^ The hardness of the CuMoTaWV RHEA film is found to be higher than that of refractory metals, such as W, Ta, and Mo thin films with a hardness of 14, 11.6, and 11.8 GPa, respectively.^[@ref53]−[@ref55]^ In general, refractory metals are found to be harder than transition metals, such as Ni and Cu, with a hardness of 6.4 and 6 GPa, respectively, due to their strong bonding and crystal structure.^[@ref56],[@ref57]^ The hardness of CuMoTaWV was found to be even higher than those of previously reported bulk RHEAs, such as TiHfZrTaNb, with a hardness of 4.9 GPa,^[@ref58]^ and RHEA films, such as NbMoTaW,^[@ref27]^ TaNbHfZr,^[@ref59]^ TiTaHfNbZr,^[@ref60]^ and HfNbTiVZr,^[@ref29]^ with a hardness of 16, 15, 12.5, and 9.2 GPa, respectively.

![Nanoindentation plot of load versus depth at a maximum load of 3 mN.](am0c02156_0009){#fig6}

The nanocrystalline RHEA pillar compression of the CuMoTaWV film performed on a 440-nm-diameter pillar with an aspect ratio of 1.4 and the resulting force versus distance plot are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The nanocrystalline RHEA pillar showed a crack at the top part that propagated along the grain boundary, showing intergranular fracture behavior along the textured columnar grain film, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,c. The nanopillar heights before and after compressional studies were calculated by AFM measurements, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The difference between the initial nanopillar height and that after compression was calculated to be around 200 nm ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a,b). The average yield strength and Young's modulus of the nanocrystalline RHEA pillar were calculated to be 10.7 ± 0.8 and 196 ± 10 GPa, respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c). The extremely high compressional strength of the BCC HEA nanopillar has been attributed to the combined effect of a substantial solid solution hardening effect, grain size, and grain boundary strengthening.^[@ref61]^ Furthermore, the higher strength of the nanocrystalline RHEA CuMoTaWV film arises due to the highly columnar structure of grains in the (110) direction. Thus, the strengthening mechanism in nanopillar HEAs shifts from dislocation-controlled to grain-boundary-controlled plastic deformation, which eventually leads to intergranular fracture. A small amount of strain burst was observed in the stress--strain plot ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d), which was related to the initiation of dislocation avalanches in the BCC solid solution in small pillars due to shear stress in the glide plane.^[@ref62],[@ref63]^ The reported compressive strength is among the strongest pillars reported in the literature, such as nanocrystalline NbMoTaW RHEA films (6--10 GPa),^[@ref11]^ nanocrystalline Ni--W alloys (∼1 GPa),^[@ref64]^ nanocrystalline Zr pillars (∼4 GPa),^[@ref65]^ nanolaminate Cu/Nb (∼2 GPa),^[@ref66]^ Si (∼5.3 GPa),^[@ref67]^ Zn-based metallic glass (∼2 GPa),^[@ref68]^ GaN (∼8 GPa),^[@ref69]^ and CrAlN/Si~3~N~4~ (16 GPa).^[@ref70]^ A summary of comparison of nanoindentation hardness and nanopillar compressive strength of the RHEA coating in this study with the literature is summarized in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}.

![Nanopillar of CuMoTaWV: (a, b) before and (c) after the compression test, and (d) stress--strain plot from nanocompression.](am0c02156_0010){#fig7}

![AFM measurement of pillar height after compression: (a) AFM analysis and (b) line profile of height versus *x*-position.](am0c02156_0011){#fig8}

![Comparison of the mechanical properties of a CuMoTaWV RHEA film with the literature with (a) hardness and elastic modulus and (b) pillar compressional strength versus pillar diameter.](am0c02156_0012){#fig9}

The deposited high-entropy films were annealed at 300, 400, and 500 °C to increase the adhesion of the film to the 304 stainless-steel substrate. The AFM analysis of the annealed films was performed to characterize the grain morphology and resulting surface roughness, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. The annealed CuMoTaWV film at 300 °C ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a) showed the lowest surface roughnesses of 2 nm (Sa) and 3 nm (Sq). At a higher annealing temperature of 400 °C ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b), nanocrystallinity starts to decrease, with average surface roughnesses of 12 nm (Sa) and 23 nm (Sq) ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c). Based on these findings, the RHEA film annealed at 300 °C showed the lowest surface roughness ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}d) and was thus chosen to study the tribological behavior and compared with the as-deposited film. Furthermore, Vickers hardness indentation at 0.5 kgf on the as-deposited CuMoTaWV RHEA film showed radial cracks and larger crack openings in the indent as compared to the annealed (300 °C) film, indicating partial delamination, as shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02156/suppl_file/am0c02156_si_001.pdf).

![AFM analysis of the annealed film on the steel substrate at (a) 300 °C, (b) 400 °C, and (c) 500 °C, and (d) the resulting surface roughness (Sa and Sq) versus annealing temperature plot.](am0c02156_0002){#fig10}

The wear behavior of as-deposited and annealed CuMoTaWV RHEA films on a 304 stainless-steel substrate against an alloy steel counterball was studied to evaluate the effect of annealing on the adhesion. The coefficient of friction versus sliding distance plot of the RHEA film from as-deposited (wear test at RT) and annealed (wear test at RT and 300 °C) films is shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. The wear test of the as-deposited RHEA film showed an average coefficient of friction (COF) of 0.2 up to a sliding distance of 15 m, after which the COF increased to 0.7, suggesting the removal of the film from the substrate. In contrast, the wear behavior of the annealed high-entropy film showed an average COF of 0.25 up to a 30 m sliding distance, followed by a slight increase to 0.3, and remained the same until the end of the test, suggesting an improvement in the film response to wear and its adhesion to the substrate on annealing. The wear behavior at a test temperature of 300 °C showed an average COF of 1.5. The high COF at 300 °C relates to the tribochemical reaction of the RHEA film with the steel counterball, where the formation of oxides on the steel counterball can bias the frictional behavior. Furthermore, the tribological test showed low average wear rates of 6.4 × 10^--6^ and 2.5 × 10^--5^ mm^3^/N m at RT and 300 °C, respectively. The frictional and wear behavior of the annealed high-entropy film can be related to its high hardness, nanocrystallinity, and better adhesion.

![Friction versus sliding distance plot of as-deposited, annealed (300 °C), and 300 °C test temperature CuMoTaWV high-entropy films.](am0c02156_0003){#fig11}

The SEM wear track morphology from the wear test is shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. The wear test of the as-deposited RHEA film showed excessive plastic deformation and smearing of the film due to low film adhesion, as shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a, resulting in an increase in COF. However, annealing the CuMoTaWV RHEA film at 300 °C improved the surface roughness through grain refinement and increased the adhesion of the film to the steel substrate, resulting in a steady-state average COF of 0.25, as shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b. The wear track from the tribological test at 300 °C showed low abrasive wear, showing the stability of the film, as shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c. The EDS area analysis on the wear track from the as-deposited film showed a high amount of Fe, while the wear track in the annealed film showed a low amount of Fe from the substrate, suggesting that the film was stable after the wear test of 50 m sliding distance, as shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. The wear track from the high-temperature wear test at 300 °C showed a high amount of Cu in the wear, which can be related to the formation of CuO ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}).^[@ref26]^ The enhanced adhesion and stability of the film after annealing can be found to be beneficial for tribological applications. The use of Cu in RHEA films has been found to increase the hardness and nanopillar compressional strength compared to previously reported works on RHEA films.^[@ref11],[@ref27],[@ref29],[@ref30],[@ref59],[@ref60]^

![SEM images of wear track from (a) as-deposited film, (b) 300 °C annealed film, and (c) tribotest at 300 °C.](am0c02156_0004){#fig12}

###### EDS Area Analysis of Wear Track in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} in Average Atom %

      Cu     Mo     Ta     W      V      Fe
  --- ------ ------ ------ ------ ------ ------
  1   1.2    20     19     30     9.2    10
  2   4.6    21.9   22.6   23     17.7   6.7
  3   13.5   18.7   20.1   21.5   14.4   11.8

Conclusions {#sec4}
===========

In this work, we have shown that an HEA film can be synthesized from a single partially spark-plasma-sintered target. Such use of single target sputtering was beneficial for synthesizing nanocrystalline films with low grain sizes and superior mechanical properties. The addition of Cu to the RHEA film was shown to increase the hardness and nanopillar compressional strength. The CuMoTaWV RHEA film showed an average hardness and nanopillar compressive strength of 19 ± 2.3 and 10 ± 0.8 GPa, respectively, which are ∼20% higher than those of the reported RHEA films in the literature. The high hardness and compressional strength of the reported film were attributed to nanocrystalline grain size and grain-boundary-controlled plastic deformation. The wear behavior and adhesion of the CuMoTaWV film on a steel substrate were improved by annealing at 300 °C, and it showed improved coefficient of friction and wear resistance at RT and 300 °C. The reported results suggest that RHEA films can be beneficial for wear and nanopillar applications.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c02156](https://pubs.acs.org/doi/10.1021/acsami.0c02156?goto=supporting-info).Different characterizations of the sputtering target and film; energy-dispersive spectroscopy (EDS) data from the target; and SEM micrographs, EDS data, and Vickers indentation of the refractory high-entropy films ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02156/suppl_file/am0c02156_si_001.pdf))

Supplementary Material
======================

###### 

am0c02156_si_001.pdf

The authors declare no competing financial interest.

This work was supported by the Swedish Foundation for Strategic Research (SSF) for Infrastructure Fellowship grant no. RIF14-0083. The present research was partially supported by the Polish National Science Centre, Grant 2015/19/D/ST8/03200. M.G.K. and A.V. acknowledge the Kempe Foundation and the Knut & Alice Wallenberg Foundation for financial support.
